Novel architectures of Petawatt-class, high peak power laser systems that allow operating at high repetition rates are opening a new arena of commercial applications of secondary sources and discovery science. The natural path to higher average power is the reduction of the total heat load induced and generated in the laser gain medium and eliminating other inefficiencies with the goal to turn more energy into laser photons while maintaining good beam quality. However, the laser architecture must be tailored to the specific application and laser parameters such as wavelength, peak power and intensity, pulse length, and shot rate must be optimized. We have developed a number of different concepts tailored to secondary source generation that minimize inefficiencies and maximize the average power. The Scalable Highaverage-power Advanced Radiographic Capability (SHARC) and the Big Aperture Thulium (BAT) laser are examples of two such high average power laser concepts; SHARC is designed for production of ion beams and x-rays, and exploration of high energy density physics at 1.5 kW average power, and BAT is envisioned for driving laser-based electron accelerators at 300 kW average power.
INTRODUCTION
In the ensuing decades after the demonstration of the first petawatt (PW) laser 1 there has been much interest in the beams of x-rays and energetic particles created by the interaction of these petawatt lasers with matter. The number of PW-class systems operational worldwide has increased rapidly 2 with many PW lasers, several operational multi-PW lasers [3] [4] [5] , and over five 10 PW lasers under construction as of this publication [6] [7] [8] [9] [10] . The radiation generated by these laser sources has been successfully used in proof-of-concept experiments at single-shot repetition rates. These experiments look promising for a number of practical applications [11] [12] but must be able to operate with a higher average fluence of particles to be viable. Depending on the specific application, this requires drive lasers that operate in the 1-100 kW range of average power.
The key limitations on high average power lasers arise from heat in the laser amplifier and other optical components. This heat limits both the maximum repetition rate of the laser and causes difficulties with beam quality. Today PW-class laser systems achieve at most average powers in the high 10's of Watts [13] [14] with further ramping expected to bring the record into the low 100's of Watts (30 J, 30 fs, 10 Hz) 15 , and are based on amplification in Ti:Sapphire (Ti:Sa). In this article we will discuss the constraints on laser technology for high average power and present two concepts for laser architectures consistent with high average power secondary source applications.
EFFICIENCY AND HEAT
The most critical limitation on high average power lasers arises from heat in the laser amplifier and other optical components. Each component from the wall-plug, to the pulsed power conditioning system, flashlamps/diodes, and each optical component in the laser system has a net effect on system efficiency. The combined loss from each component creates a heat load that must be mitigated. The highest average power high energy laser systems in operation today rely on convective/conductive cooling with a flowing coolant, either helium gas [16] [17] [18] [19] or flowing liquid 7
. Gas-cooled designs have achieved average power on the order of 1 kW (100 J, 10 Hz) 15, 19, 20 , but only for long pulse durations on the order of 10's of nanoseconds. Further average power scaling of PW-class laser technology requires the use of these proven cooling concepts in the main amplifier and eliminating heat sources within the system to remain within the limits of these cooling methods.
Direct Diode-Pumping
Gain media like Ti:Sa have been successful in low shot-rate generation of PW-pulses due to its extremely wide gain bandwidth and capacity to create extremely short pulses in the sub-30 fs range. However, Ti:Sa is limited in its average power handling because it requires a bright pump source at 532 nm, necessitating a frequency-converted pump laser with ~5x the average power of the desired PW output. This makes scaling Ti:Sa to higher average power very challenging and unattractive for applications where sub-100 fs pulses may not be necessary. For these sorts of application-enabling multikW average powers it is critical to choose a laser architecture consistent with direct diode pumping to eliminate the need for a separate pump laser. It is possible in the future improvements in diode technology that pump diodes at alternative wavelengths may become viable for these high-power lasers, but as of this writing this means we must choose materials with absorption in the ~780-900 nm pump wavelength range to overlap with current high power, high efficiency, and high brightness laser diode technology. Each gain material will have unique spectral (pulse performance and quantum defect), physical (thermal performance), and lifetime characteristics that will affect its suitability for a high average power or high peak power laser architecture. The relative efficiency of several common gain materials is illustrated in figure 1 . This efficiency estimate accounts for not only the quantum defect, but also any pump lasers and frequency conversion stages required to convert the pump diode light into the brightness and frequency required for the material. The diameter of the circle representing each material indicates the gain spectral bandwidth. The materials are plotted versus their upper laser level lifetime, which is useful in determining the best architecture for efficiently storing energy from each amplifier material, as we will discuss in the next section. Unsurprisingly, the highest efficiency materials, those doped with Nd 3+ , Yb 3+ , or Tm 3+ ions, are all capable of direct pumping with diodes. These efficiently-pumped rare earth ions are available in a wide variety of host materials with different effects on the lifetime and bandwidth characteristics 21 .
For example, a Nd:glass amplifier, capable of supporting sufficient bandwidth for >100 fs pulses, achieves improved efficiency, and hence average power performance, compared to a Ti:Sa PW-system. Chirped pulse amplification (CPA) 22 is still required for amplifying short pulses but may be implemented by directly diode-pumping the material of choice. This so-called Direct-CPA architecture allows for efficient generation of the short pulses required for PW-class lasers. figure 2 demonstrates the advantages of direct-CPA by comparing the energy required to produce one Joule of PW-laser output for three different PW laser architectures: a flashlamp-pumped Ti:Sa, diode-pumped Ti:Sa, and direct-CPA in Nd:glass. Each energy source (diodes, electronics, fluorescence, etc.) is indicated by a color on the bar chart. The estimated wall-plug and electrical-to-optical efficiency of each of these laser architectures is included to the right of the chart. To achieve higher average power PW-class laser output we must maximize this efficiency to decrease the heat load that must be cooled from the amplifier. 
Scalable High-average-power Advanced Radiographic Capability (SHARC)
Beams of neutrons and x-rays are useful for a number of radiography missions [23] [24] [25] [26] . These types of sources require high pulse energy in the hundreds of joules together with petawatt-class peak powers. Neutron source average fluence comparable to large facilities like the Spallation Neutron Source 27 can be achieved with 10 Hz operation of a 150J/150fs system with very high pre-pulse contrast, yielding 1 PW pulses with an average power of 1.5 kW.
For this application we propose the Scalable High-average-power Advanced Radiographic Capability (SHARC), based on diode-pumped direct-CPA in Nd:glass. The SHARC laser design is based on decades of development in lasers for inertial confinement fusion 28-29, ,18-19 and builds on the maturation of high average power laser technologies for the HAPLS Pump Laser, and high peak power and high contrast technologies developed for ARC 30 . SHARC borrows its gas cooling and laser head design from HAPLS with a few changes to the cavity design to include all-reflective optics to eliminate dispersion effects in transmissive optics.
Multi-Pulse Extraction
The high average power laser architecture must account for the efficiency with which energy is extracted from the amplifier by the seed. Most high energy laser sources operate in the regime of single-pulse extraction: for every amplified pulse the gain medium is excited with a pulse of pump light, and then extracted with a single pulse. In order to extract efficiently the fluence must be higher than the saturation fluence of the material. For many gain media, particularly those with a long storage lifetime, the saturation fluence is higher than the laser-induced damage threshold of the material, typically <10 J/cm 2 . For those materials with high saturation fluence, it is possible to reach high extraction efficiency by extracting with multiple seed pulses within the energy storage lifetime, essentially dividing the saturation fluence between all of these pulses. This is possible, provided that the total fluence integrated over all pulses within one excited state lifetime is high with respect to the saturation fluence. This process is what we describe as multipulse extraction. Figure 3a shows the efficiency as a function of repetition rate for a sample laser architecture. When the repetition rate is smaller than the reciprocal of the gain lifetime is it only possible to extract efficiently using single-pulse extraction, as described above. As the repetition rate increases the extraction efficiency increases and approaches one. Multi-pulse extraction is most effective when used at high repetition rates. For example, when extracted with 10 pulses per gain lifetime the extraction efficiency is only 11%, but 150 pulses per gain lifetime yields an extraction efficiency of 73%, even at a very low extraction fluence per pulse. This technique allows the efficient use of gain materials that would not be suitable for single-pulse extraction. The combination of continuous pumping and multi-pulse extraction allows the amplifier to operate in a thermal steady state. This greatly improves laser stability and repeatability compared to lasers operating in the shot-to-shot extraction regime where the amplifier has time to cool between shots. Increased stability will yield precision science and applications currently not accessible with lower shot-rate systems. Multi-pulse extraction also has additional benefits for short-pulse, high peak power laser systems. The low extraction fluence of each pulse contributes to an extremely low Bintegral, leading to fewer concerns with nonlinear phase accrual. Extracting far below the saturation fluence also leads to amplifiers having low gain, reducing transverse ASE and allowing larger aperture sizes.
Based on the principles presented above we give two examples of laser architectures target to application requirements. Many scientific communities have published reports detailing the laser requirements for achieving application-relevant secondary radiation from laser-matter interactions. As examples we have chosen applications for neutron-and x-raybeam generation and next-generation electron accelerators, both of which have vastly different laser requirements.
Big Aperture Thulium Laser (BAT)
The high energy physics community has expressed for accelerators in the TeV-energy range [31] [32] . The acceleration gradients required to achieve these energies can be realized with laser wakefield acceleration (LWFA), which is gaining increased interest worldwide due to their compactness and peak brilliance. Hence, several groups worldwide are exploring LWFA with greater capability [33] [34] [35] [36] . The final TeV-scale collider application may require up to hundreds of acceleration stages, each driven by a laser with ~300 kW average power and high wall-plug efficiency. The Big Aperture Thulium (BAT) Laser architecture is optimized for the requirements of one of these advanced laser-driven accelerators, designed to produce 30 J/100 fs/ pulses at 10 kHz repetition rate, for an average power of 300 kW.
In order to handle the 300-kW average power for BAT the architecture needs to maximize efficiency. To this end we use a combination of diode pumping and multi-pulse extraction (MPE). The Tm:YLF gain material is particularly wellsuited for MPE because its long upper state lifetime 37 of ~15 ms allows the amplifier to be extracted by approximately 150 pulses per lifetime. Each pulse extracts only a small fraction of the upper state population. Effectively the crystal sees steady state population, as in cw operation. This allows the pump diodes to be used in a CW configuration, greatly simplifying the diode technology and eliminating the need for any sort of pulsed power supply. The laser effectively runs in a steady state.
The spectroscopy of Tm-doped gain materials is described in the literature [38] [39] . Absorption at ~795 nm allows for efficient pumping with mature, commercial laser diodes. Through an energy-transfer process known as "2-for-1," each pump photon excites two Tm-ions, which then emit at ~1900 nm. For sufficiently high doping concentration (>2%), the effective quantum efficiency approaches 2. As illustrated in figure 3b , the BAT architecture is energy/repetition-rate flexible: it can operate at any combination of energy and repetition rate, down to 1/τstorage, that yields 300 kW of average power without making any changes to the amplifier. The cw-pumped amplifier operates in a steady state, allowing smooth tunability in energy/repetition-rate space by only changing the input seed repetition rate. As the energy increases and repetition rate decreases the efficiency also decreases, as in figure 3a, leading to a higher heat load.
MAINTAINING BEAM QUALITY
There are certain limitations faced by all large aperture, high energy laser systems that must be addressed anew for operation of high average power PW-class lasers. Common components such as spatial filters and faraday rotators become challenging with increasing average power. Even very small absorption in optical materials begins to cause problems with heating of optics and beam dumps, all of which now require significant cooling. Additionally, heating causes stress-induced birefringence in many common laser and optical materials, leading to depolarization in the amplifier itself. We have chosen a few examples of mitigations to average power lasers to maintain beam spatial and pulse temporal quality.
Spatial Filtering
Spatial filters are a common method to remove high-angle scatter from sources including, but not limited to, surface scatter, optic defects, and variations in spatial phase. The high-order aberrations can drive amplitude amplifications due to B-integral and result in beam filamentation and optical damage if not controlled. At low power, it is sufficient to use a telescope combined with a pinhole at the focal plane to block high-angle scatter. For high energy systems, the intensity seen by this pinhole can cause ablation, which can cause pinhole closure, beam distortion and damage the laser. At high average power the repeated ablation of material causes pinhole deterioration, quickly reducing the spatial filter's ability to improve the beam quality.
To overcome these issues, a slit filter 40 can be used instead. It reduces the fluence at the pinhole plane by orders of magnitude, keeping the fluence under the ablation threshold and enabling spatial filtering without degradation over time and multiple shots. Based on two pairs of cylindrical lenses, as illustrated in Figure 4 , the slit filter creates two line-foci with some separation. Each line focus experiences significantly reduced fluence compared to the case for spherical optics. For short pulses, it is desirable to use all reflective optics instead of refractive lenses to minimize unnecessary material dispersion, particularly radial group delay, which can cause spatial-temporal aberrations that are difficult to compensate. We have designed a variation on the slit filter design using only reflective optics. Cylindrical mirrors are used at 45 degrees incidence angle for ease of alignment. A combination of ray tracing, analytical calculation and laboratory demonstration is used to verify the performance of this scheme. Aberrations caused by using the cylindrical optics offaxis remain manageable provided the f-number is larger than ~30.
PULSE COMPRESSOR REQUIREMENTS FOR HIGH AVERAGE POWER
The compressor required for CPA remains a major limitation for high peak power, high average power laser systems. The major contribution to this limitation is from the gratings used in the compressor. To date, most of these gratings are still based on gold-coated optics and conventional substrates 41 , particularly in ultra-short pulse systems that require a large bandwidth, typically >10 nm. These gold coatings absorb ~4% of the laser light incident on the grating, which causes the substrate to heat and expand with the rising temperature 42 . This, in turn causes unacceptable spatial and spatio-temporal aberrations to the laser. PW-class pulse compressors are also used in vacuum, adding to the complexity and difficulty of heat removal. As laser systems reach kilowatts to hundreds of kilowatts average power grating heat becomes a major obstacle to the continued use of gold gratings.
Multi-layer dielectric (MLD) gratings have been very successful in reducing the absorption in systems requiring only very narrow bandwidth 41, 43 . Recent advances in MLD gratings for broadband laser applications have demonstrated gratings capable of supporting the pulses required for these high peak power, high average power laser systems [44] [45] . We have extended these efforts to the 1900 nm center wavelength and ~100 nm bandwidth required for the BAT laser. Two designs created for BAT are shown in Figure 5a 
CONCLUSIONS
Novel architectures and approaches are described that enable PW-class lasers to reach many-kW average power and application-enabling sources of particle beams and x-rays. The key to achieving this high-power operation is eliminating sources of heat by addressing efficiency throughout the laser amplifier chain. To achieve this, we have left previous laser architectures behind and have developed new concepts that maximize wall-plug efficiency which in turn results in more laser power and less heat in the gain medium, resulting also in improved beam quality. Furthermore, operating these lasers in a steady-state regime rather than shot-by-shot with cooling time in-between will provide higher repeatability for precision experiments and secondary sources. High average power, highly repeatable PW-class lasers will enable high precision science in the regime of high peak power laser-matter interactions.
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